" AD-AL18 285 PRINCETON UNIV NJ DEPT OF CIVIL AND GEOLOGICAL ENGIN--ETC F/6

NONLOCAL EFFECTS OF CRACK CURVINGs{U}

20731 N

JUL B2 A C ERINGENs A SURESH NUOOI“-76-C-02“0

UNCLASSIFIED 82-5M-12

END




AD A118285

BTIC FILE COPY

NONLOCAL EFFECTS OF CRACK CURVING

A. Cemal Eringen and A. Suresh

Princeton University

Technical Report No. 57
Civil Engng. Res. Rep. No. 82-SM-12

Research Sponsored by the
OFFICE OF NAVAL RESEARCH

under
Contract N00014-76-C~0240 Mod 4

Task No. NR 064-410 DTI C

ELECTE
July 1982 AUG 17 1982.
Approved for public reslease: D

distribution unlimited

Reproduction in whole or in part is permitted
for any purpose of the United States Government.

82 08 ;¢ 274




SECUNITY CLASSIFICATION OF THIS PAGE (When Dats Entered)
REPORT DOCUMENTATION PAGE “,g‘;”mg%g“}m
TPT{;?ZW—VERSIW TEGINICAL 3. GOVY ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER |
NCETON UNI —
T 457 O/ A/ YRJB
4. TITLE (and Subtitle) S. YYPE OF REPORT & PERIOD COVERED
NONLOCAL MECHANICS OF CRACK CURVING Technical Report
6. PERFORMING ORG. REPORT NUMSER
82-5M-12
(7. AUTHOR(e) 6. CONTRACY OR GRANT NUMBER(S)
A.C.Eringen and A. Suresh N00014-76-002040 Mod..4
e —————— A ————— — W
9. PERFORMING ORGANIZATION NAME AND ADDRESS 0. PR gRAN ELENEN T.e l:‘o'J‘!’c‘:"r. TASK
PRINCETON UNIVERSITY NR 064-410
Princeton, NJ 08544
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
July 1982 1
OFFICE OF NAVAL RESEARCH (Co-e 471) 15. NUMBER OF PAGES ;
Arlington, VA 22217 22
| LD uom?omnc AGENCY NAME & ADDRESS(I{ different from Controlling Office) 18. SECURITY CLASS. (of this report)
unclassified
15a. D!CtASSlFICATIOOJ DOWNGRADING
SCHEDULE
[16. DISTRIBUTION STATEMENT (of this Report)
DISTRIBUTION STATEMENT A
Approved for public release}
Distribution Unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, It different from Repert)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identily by block number)

crack curving

fracture criteria

nonlocal fractures
hd 20, }usﬂuc'r (Centinue en reverse side If necessary and identily by block number) 3
The nonlocal elasticity solution is obtained for the Griffith crack problem
under combined loadings, Modes I and II. It is shown that the fracture
. begins at a critical point in the neighborhood of the crack tip. The loca-
tion of the critical point is determined and the critical angle at which the
crack begins to deviate from its straicht line path is determined. These
results are in good agreement with n.- lattice theory, and classical
predictions. e

E——

.
DD ,on'ss 1473  coimidw oF 1 wov 68 18 OBsOLETE

$/N 0102.LF.0) :
LF-01 400t SECURITY CLASBIFICATION OF THiS PAGE (Whn Dot Bnered)




o B W

P N Y i

oo LA il

il i

;!
%
}(,*
i

e TN YA T
- L]

Aocession'roé

NTIS GRA:I DX |
a

DTIC TAB
Unannocunced O

Justification___

By.
Distribution/
Availahility Codes
Avail and/or |
Dist Special
NONLOCAL MECHANICS OF CRACK CURVING* ﬂ ‘

A. Cemal Eringen and A. Suresh

Department of Civil Engineering, Princeton University
Princeton, New Jersey 08544

ABSTRACT

The nonlocal elasticity solution is obtained for the Griffith crack
problem under combined loadings,Modes I and II. It is shown that the
fracture begins at a critical point in the neighborhood of the crack tip.
The location of the critical point is determined and the critical angle at
which the crack begins to deviate from its straight line path is determined.

These results are in good agreement with atomic lattice theory, and classi-
cal predictions.

INTRODUCTION

Presently, there exists several criteria for the static and dynamic
curving of a line crack under combined loadings. These are based on either
a maximum circumferential stress (cf. Erdogan and Sih [1], Cottercll and
Rice [2]), or the Griffith energy release rate (cf, Hussain, et al [3]).
Experimental assessment of these criteria was carried out by Kobayashi, et
al, in a series of papers of which we mention [4]. Because of the usual
crack tip singularity, these criteria are to be applied at a critical dis-

tance re from the crack tip. It is speculated that re is a material
property.

The main purpose of the present paper is: (i) to determine reo
theoretically; (ii) to obtain the direction of crack curving under - com-
bined loadings, Modes I and II; (fiii) to give a crack curving criterion
based on the maximum circumferential stress field.

We note that such a program cannot be carried out by means of classical
elasticity theory since according to this theory, the maximum stress fs
infinite and i1t is located at the crack tip.

In several previous papers (cf. [5], [6], [7]), 1t was shown that the
nonlocal elasticity solutions of crack problems do not contain a stress
singularity. Moreover, the maximum stress occurs not at the tip, but at an

e?terior point to the crack surfaces —in the close vicinity of the crack
tip.

*®
Supported by the Office of Naval Research.




For brittle solids, a fracture criterion based on the maximum tensile
stress, was established (cf. [5], (6], [8]). Accordingly, when the maximum
tensile stress exceeds the cohesive stress that holds bonds together, frac-
ture will occur. Calculations based on this hypothesis proved to be in ac-
cordance with the Griffith fracture criterion with the additional dividend
that the Griffith constant is fully determined. Cohesive stress calcula-
tions showed excellent agreement with the results known to metalurgists
(see [5] to [10]).

Motivated by these findings, we proceed to examine here the problem of
crack instability and curving for the plane problem under combined loads.

RESUME OF BASIC EQUATIONS

Basic equations of nonlocal, linear, homogeneous, isotropic elastic
solids consist of (cf. [5], [11], [12]):

(m g,k * o(fy - Ty) = 0

(2) tgt) = f el xle)o, ') avix') ,
(3) Oy v. Ae 8, 2 e

(4) o * 7 (gt Uy )

where tkz s P » fh and u, are respectively, the stress tensor, mass

density, body force and the displacement field. We employ a superposed dot
to indicate partial derivative with respect to time and a conma to indicate
partial derivative with respect to rectangular coordinates Xy s i.e.

. 3y, (x,t) du,
u = ed u B e
k ot ’ ko2 axy

As usual, repeated indices indicate summation.

Except for the constitutive equations (2), these equations are iden-
tical to those of the classical {local) elasticity theory. Equation (2)
replaces the classical Hooke's Taw. It expresses the physical fact that
the stress at a point x depends on strains at all other points x' in
the body. Naturally, ~ the influence of strain at x s expected” to be
greatest in the stress at x and the influence of strains at any other




point x', at a distance |x'-x| from x, wmust diminish with distance,
Hence the nonlocal modulus af|x'-x|,e) must die out with |x'-x| having
a maximum at x'=x.

R L S

The nonlocal attenuation modulus o has the dimension of 'lengt:h"3 sO
that it depends on an internal characteristic length a. This is indi-
cated by €=ga/% where 2% 1s an external characteristic length (e.g.
wave length, crack length), a 1is an intemal characteristic length (e.g.,
lattice parameter, granular distance) and 8 1is a non-dimensional constant
appropriate to each material,

o A el i oA

Nonlocal elasticity reduces to the classical theory in the limit ]

i

) (5) Hn aflx'-x|.e) = &(|x"-x])
] €+o

. where & 1is the Dirac delta measure. Based on these and other considera-

: tions, Eringen [11], [12], proposed that a must be a Dirac delta sequence,
) and obtained several kernels which produce excellent agreement with the dis-
persion curves of plane waves in lattice dynamics, in the entire Brillouin
20ne.

Here we give one of these kernels, suitable for the treatment of two-
dimensional problems, Ari and Eringen [7]:

(6)  ollxlie) = (2nefD7 K(VFH/E), €= gt

Py where K. 1is the modified Bessel's function. We note that equation (6)
satisfieg the differential equation

(7) (1 - &®P)a = 8(|x*=x])

a property which is useful in the treatment of boundary-value problems. If
we apply the operator (7) to equation (2), we obtain

2,22

From this, by taking the divergence of both sides, it follows that

L e A VNPT A e T
“ 1]

(9) ook * (1 - ez’zzv"’)(pfjl - i) = 0

1 where we have used equation (1). If we further substitute from equations
- (3) and (4), we will have .

j
ki
3
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(10) (M) uy gy = u Puy + (1-e*227P) (o, =) = 0

valid in rectangular coordinates. In this way, the integro-differential
equations (1) to (4) are reduced to singularly perturbed partial dif-
ferential equations.

Particularly simple results are obtained for the static case and
vanishing body forces. In this case, we have

(M) Okak = 0

which is identical to the equilibrium equations of classical elasticity
theory.

GRIFFITH CRACK, MODE I AND II

A line crack |xy|<c, x,=0 Tlocated in an infinite plane

subject to a uniform tensile loading, perpendicular to the crack line at
infinity, is known as the Griffith crack problem, Mode I. We consider the
superposition to Mode I a constant shear loading which is known as the
Mode II. The solution of both problems in nonlocal elasticity were given
previously by Eringen [8] and his coworkers [6]. Here, we employ an alter-
native method of solution using a different kernel, namely equation (6).

For the static case with vanishing body forces, equation (10) re-
duces to the classical Navier's equation

(12) (A + ) Uy, 2k +uV2u£ = 0

whose solution is well-known, c.f., [13]. The classical stress field Ok
in the neighborhood of the crack tip, is of the form

-cs”- ) —%cos-gw-}cos%é—- ] :%sin-g--}sin%e--

(13) Opy) = — S cos £ -1 cos SO0 4 1L L) gin 841 g4n 38
2" = | -ges Ty o xsinGegsiny
99 r-}singw-}sin-s;- %cosg-h}cos%gj
e = e - .

where l(I and KII are classical stress intensity factors and (r,8) are
plane polar coordinates with the origin at the right crack tip.




In nonlocal theory, Ok given by equation (13) is not the stress
field. The stress field t,, is obtained by solving equation (8), subject
to regularity conditions, i.e., tkz must be bounded at the crack tip and
at infinity. This is borne out also from the previous solution given in [5]
and [7].

We expect that, at large distances from the crack tip, the classical
solution will approximate the stress field well. Moreover, as ¢€-+0,
equation (8) gives tkz * Opp e Therefore, there exists a boundary layer

in the neighborhood of the crack. This then suggests that we may obtain an
inner solution of equatfon (8) and match it to the outer solution Oiqe In
fact, this is why the approximate expressions (equation (13)),which ~ are
valid in the vicinity of the crack tip, are adequate for the determination
of teo in the vicinity of the crack tip.

Introducing the complex stress field for any second-order symmetric
tensor, Tks by

(]4) 03 = T]'l + 1:22 » ¢I = Tzz - T-'] + 21 T]Z

The differential equations (B) may be replaced by equivalent equations

(o]

(1-c&tP e, = o
(18) 222 .
(]-t—:ILV)QE = &

where, by using equations (14 and (13),

i f6/2 -16/2
o, = —-[(K +1Kyp) e®2 4 (k) - 1Kk )e .
R Y (K - 1Ky ]
(16) 1 .
6 = Il + 3Ky 102 4 (kp + 1 k) 71992

Consequently, the integration of equation (15) requires finding the solution
of a differential equation of the form

2 2
3 9n lagn 1 agn % _1ine/2 n=+1,+5
(]7) a—pr'*a-‘p—'.‘;z;r- gn = -p e » -

where
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(18) g,(p:0) = f, (o) e!"%/2

The general solution of equation (17) is

(19)  f,(0) = AT (o) B K (o) + f [1, 5(2) K, 5(0)
- Inlz(p) /2(2)] zk dz

where 1 v and K , are modified Bessel's functions. Constants of integra-

tions A and B are determined by using the regularity conditions at r=0
and r=«, namely fn must be bounded at p=0 and as p-+w,

fo] ®
@y m ) Kygle) s S 10 Kypote) 2 2

p
° n=%x], 5

Employing well-known expressions of In /2 and Kn /2 [14], we find that

B 0¥ (1-e7) ,
21
fog = ,5 "(l+-+—2-)/[(1+—2-)sinhz--3-coshz] dz

+p l5[(14-—2-) sinh p - -:i cosh p]/ 21 tz 3)dz

Consequently,

o, = (2mee)™¥ LK+ 3K g) €972 4 (k) - 1K) e 9/2] 60
(22)
0 = 3 (2nen) B [ +31Ky) £,(0) €2 4 (e +1K ) £ylp) €519/

But, in polar coordinates, we have

ter * g = 6>

(23) ~
toe = trr * 21ty




from which we determine the stress field.

b = (ot fgteon §-F os 21 + s §4 350 200
+ %-(KI cos g—- Kpp sin -g')fs(p)}.
(20) tgy = (2ne2)™% {{Kj(cos §+7 cos ) -kyy(sin §+3 stn )3, (o)

+ %-(- KI cos ‘g"" KII sin g')fs(p)}.

tyg = %(Znez)"’ [(KI sin %Q +3 l(II cos %g) fl(p)

+ (KI sin g—+ Kpp cos -g-) fs(p)]

These results : are valid in the vicinity of the crack tip.

FRACTURE AND CRACK CURVING

Based on the physics of matter, the fracture must occur when the maximum
tensile stress exceeds the cohesive stress which holds bonds together, Erin-
gen [5,8]. fConsequent'ly, fracture will begin at a point (rc.ec) which are
the roots o

at
ﬁ = 0.

at
88 .
37 0

(25) T

provided that tee(rc.ec) is the maximum tensile stress.

Note that unlike classical elasticity, tggmay is not at the crack tip
Thus, fracture begins ahead of thecrack tip at some location, determined by
equation (25).

First, consider the case of Mode I only. In this case, KII =0 and
equation (25) gives

. df.' df5
(26) OC'O. 5o— = '

so that the fracture is along the crack 1ine at a point Pc satisfying (26).
Computations give




e
—

(27) p, = Trclet = 1.095076 |

This result is in excellent agreement with that calculated by means of ?
atomic lattice theory by E11iot [15] (see Table 1).

i, ol P 0 ko

Next, we consider the combined Modes I and II. From equations (24) and
(25), it is clear that

(28) P = rc/el = f(KII/KI)

ec = g(KII/KI)

Following common practice, these functions are plotted against crack
angle y , defined by

(29) cot y = KHIKI

In Figure 1, critical distance r, is given as a function of the crack

3 angle Y . We notice that e decreases with the crack angle. The

2 closest distance to the crack ~ tip is obtained when K;=0 and farthest
| when KI =0, The change between these two cases is almost a straight
i 1ine. In Figure 2, values of 6, are compared with classical results

obtained from [13, p. 99]. The agreement is,in general, excellent.

*
Values of e2/a are from Ref. [7].

| TABLE I
HOOP STRESS ALONG THE CRACK LINE
tmax/to xclz

: Elliot [15] 27.62 1+ 0.2(a/2)

i

B Nonlocal (Present) ef =0.22a* 25.41 1+ 0.2409((a/2}

i eL=0.31a 21.40 1 + 0.3394(a/% |
|4
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Department of Mechanical Engineering
Pe 0. Box 147

Brownlow Rill

Liverpool L69 3XX

England

Professor B. J. Skudrzyk
Pennsylvania State University
Applied Research Laboratory
Dapartment of Physics

State College, Pennsylvania 16801

Profassor J. Klosaer

Polytechaic Iastitute of Wew York

Departaeat of Mechanical and
Aerospace Engineering

333 Jay Strest

Brooklyn, Wew York 11201

Professor R. A. Schapery

Tezas AtM University

Departaent of Civi{l Engineering
College Statiocn, Texas 77843
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Universities (Con't.)

Professor Walter D. Pilkey

University of Virgiania

Research Laboratories for the

. Engineering Sciences and
Applied Sciences

Charlottesville, Virginia 22901 .

Professor K. D. Willmert

Clarkson College of Technology
Department of Mechanical Engineering
Potsdan, New York 13676

Dr. Walter E. n“l‘t
Texas AtM University
Aerospace Engineering Department

. College Station, Texas 77843

Dr. Hussein A. Kamel
University of Arisona
Department of Aerospace snd
Mechanical Engineering
Tucson, Arizons 85721

Dr. 8. J. Fenves
Carnegie~Mellon University
Department of Civil Engineering
Schenley Parzk

Pittsburgh, Peonsylvanis 15213

Dr. Ronald L. Bustom

Departaent of Engineering Analysis
University of Cincimmnati
Cincinnati, Ohio 45221

Professor G. C. M. 8ih

Lehigh University

Institutes of Fracture and
$0lid Mechanics

Bethlehen, Pennsylvania 18013

Professor Albert 8. Kobayashi
University of Washingtoa

Departament of Mechanical Engineering
Seattle, Vasbington 98105

Professor Daniel Frederick

Virginia Polytechnic Institute and
State University

Department of Engineering Machanice

Blacksburg, Virginia 24061
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Universities (Con't)

Professor A. C. hh‘“
Princeton University
Departaent of Aerospsce and
Mechanical Sciences
Princeton, New Jersey 08540

Professor R. 4. Lae

Stanford University

Division of Engineering Mechanics
Stanford, California 94305

Professor Albert 1. King
Wayne State University
Biomechanics Research Center
Detroit, Michigan 48202

pr. V. R. Bodgson

_ Wayne State University

School of Medicine
Detroit, Michigen 48202

Dean 3. A. Joley

Northwestern University
Department of Civil Engineering
Evanston, Illinois 60201

Professor P. G. Nodge, Jr.

University of Minnesots

Department of Aerocspace Engineering
and Mechanics '

Minneapolis, Minnesota 55435

pr. D. C. Drucker
University of Illinois
Dean of Engineering
Urbana, Illinois 61801

Professor N. M. Newvmark
University of Illinofs
Department of Civil Engineering
Urbana, Illinois 61803

Professor B. Reissner

University of Califormia, Sam Diego
Departaent of Applied Mechanics

La Jolla, Califorania 92037

Professor Williem A. Nash
University of Massechusetts
Departaent of Mechanics and
Aerospace Baginesring
Amherst, Massachusetts 01002
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Universities (Con't)

Professor G. Herrmamn

Stanford University

Department of Applied Machanics
* Stanford, California 94303

Professor J. D. Achenbach s .
! Northwest University

Departmant of Civil Engineering

Evanston, Illinois 60201

Professor 8. 3. Dong
University of California
Department -of Mechanics -

N Los Angeles, California 90024

Professor Burt Psul

University of Pennsylvania

Towne School of Civil and
Mechanical Engineering

Philadelphia, Pennsylvanis 19104

Professor H. W. Liu

Syracuse University

Department of Chemical Engineering
and Metallurgy

Syracuse, New York 13210

Professor $. Bodner
Technion R&D Foundation
Baifa, Israel

Professor Werner Goldsmith
University of Californis

Department of Mechanical Engineering
Berkeley, California 94720

Professor R. 8. Rivliin

Lehigh Universicy

Center for the Applicatiom
of Mathematics

Bethlehem, Pennsylvania 18015

Professor F. A, Coszarelli

State University of New York at
Butfale

Division of Interdisciplinary Scudies

Karr Parker Engineering Building

Chenistry Road

Buffalo, New York 14214

Universities (Con't)

" De. Semuel B. Batdort
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Professor Joseph L. Rose

Drexsl University

Department of Mechanical Engineering
and Mechanies :

Philadelphia, Pennsylvenia 19104

Professor 3. K. Donaldecn
University of Maryland
Asrospace Engineering Department
College Park, Maryland 20742

Professor Joseph A. Clark

Catholic University of America
Department of Mechanical Engineering
Washington, D.C. 20064

Uuniversity of California
School of Engineering

and Applied Science
Los Angeles, Califormia 90024

Professor Isaac Fried
Boston Universitcy
Department of Mathematics
Boston, Massachusetts 02215

Professor E. Krempl ,
Rensselaer Polytechnic Institute
Division of Engineering
Engineering Mechanics

Troy, Wew York 12181

Dr. Jack R. Vinson

University of Delawars

Department of Mechanical and Aerospace
Enginearing and the Center for
Composite Materials

Nevark, Delawvare 19711

Dr. J. Dufty

Brown University

Division of Bngineering
Providence, Rhode Island 02912
Dr. J. L. Swedlow ‘
Carnegie-Mellon University
Departmant of Mechanical Engineering
Pitcsdurgh, Pennsylvania 15213
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Universities (Con't)

Dr. V. K. Varaden
Ohio State University Research Foundation
Department of Engineering Mechanics

.Columbus, Ohio 43210
. Dr. Z. Hashin

University of Pennsylvanis

Departuent of Metallurgy and
Materials Science

College of Engineering and
Applied Science

Philadelphis, Pennsylvania 19104

Dr. Jackson C. 8. Yang

University of Maryland

Departmsnt of Mechanical Engineering
College Park, Maryland 20742

Professor T. Y. Chang
Uaiversity of Akron

Department of Civil Engineering
Akron, Ohio 44325

Professor Charles W. Bert

University of Oklahoma

School of Aerospace, Mechanical,
and Nuclear Engineering

Rorwan, Oklshoma 73019

Professor Satys N. Atluri

Ceorgia Institute of Technolegy

School of Enginsering and
Mechanics

Atlanta, Georgia 30332

Professsor Crahem ¥. Carey

University of Texas at Auatin

Department of Aerospace Engineering
snd Engineering Mechanics

Austin, Texas 78712

Dr. 8. 8. 'n.

University of Illinois

Department of Theoretical and
Applied Mechanics

Urbana, Illinois 61801

Professor J. V. Abel
Cornell Universicy
Department of Theorstiecal
and Applied Mechanics
Ithaca, Wev York 14853
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Universities (Con’t)

Professor V. B, Weubert

Pennsylvania State Universicy

Department of Engineering Science
and Mechanics

University Park, Pennsylvania 16802

Professor A. W, Leissa
Ohio State University
Department of Engineering Mechanics
Columbus, Ohio 43212

Professor C. A. Brebbia
University of California, Irvine
Department of Civil Engineering
School of Engineering

Irvine, California 92717

Dr. George T. Rahn
Vanderbilt Universicy
Meschanical Engineering and
Materials Science
Nashville, Tennessese 37233

Dean Richard N. Callagher .
University of Arisona

College of Engineering

Tucson, Arizona 85721

Professor K. F. Rybieki )
The University of Tulsa
Department of Mechanical Engineering
Tulsa, Oklahoma 74104

Dr. R. Baftks

I1linois Institute of Technology

Department of Mechanics snd Mechanical
and Aerospace Engineering

Chicago, Illinois 60616

Professor J. C. de Oliveira
Massachusetts Ianstitute of Technology
Department of Ocean Engineering

77 Massachusetts Avenue

Canbridge, Massachusetts 02139

Dr. Bernard W. Shaffer
Polytechnic Ianstitute of Wew York
Route 110

Farningdale, Nev York 11735
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Industry and Research Institutes

Dr. Norman Hobbs

Keman AviDyne
* Division of Kaman

‘¥ Sciences Corporation

Burlington, Massachusetts 01803 -

.Anmc National Laboratory
Library Services Department

" 9700 South Cass Avenue

Argonne, Illinois 60440

Dr. M. C. Junger :

Cambridge Acoustical Associates
54 Rindge Avenue Extension
Canmbridge, Massachusetts 02140

Mr. J. . Torrance

Ceneral Dynamics Corporation
Zlectric Boat Division
Groton, Counectfcut 06340

Dr. J. E. Greenspon

J. G. Engineering Research Associstes
3831 Meanlo Drive

Baltimore, Maryland 21213

Newport News Shipbuilding and
Dry Dock Company
- Library
Newport News, Virginia 23607

Dr. W. 7. Bosich

McDounell Douglas Corporstion

5301 Bolsa Avenue

Bunt ington Beach, California 92647

Dr. B. N. Abramson
Southwest Ressarch Institute
8500 Culebdra Road

San Antonio, Texas 78284

h. .. c. m

Southwest Research Institute
8500 Culedrs Noad

San Antonio, Texas 78284

Dr. M. L. Barom
Weidlinger Associstes
110 Bast 39th Street
Nev York, New York 10022
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A)

Industry and Research Institutes (Com't)

Dr. T. L. Geers

Lockheed Missiles and Space Company
3251 Ranover Street .

Palo Alto, California 94304

Mr. William Csywood
Applied Physics Laboratory
Johns Hopkins Road

Laurel, Maryland 20810

Dr. Robert E. Dunham
Pacifica Technology

P.0. Box 148

Del Mar, California 92014

Dr. M. 7. Ranninen

Battelle Columbus Laborstories
$0S King Avenue

Columbus, Ohio 43201

Pr. A. A. Hochrein
Daedalean Associates, Inc.
Springlake Research Road
15110 Frederick Rosd
Woodbine, Maryland 21797

Dr. Jamas W. Jones

Swanson Service Comtuiu

P.0. Box 5415

Huntington Beach, Califurnia 92646

Dr. Robert B. Nickell

Applied Science and Techmology
3344 Rorth Torrey Pines Court
Suice 220

La Jolla, Califorais 92037

Dr. Revin Thomas

West inghouse Electric Coryp.
Advanced Reactors Divisica
P. 0. Box 1358

Madison, Pennsylvenia 15663

Dr. 1. D. Ridbice

Ribbitt & Karlesom, luc.

132 George M. Cohan Boulevard
Providence, Thode lsland 02903

De. R. D. Mindlia
89 Deer Rill Drive
Ridgefield, Commecticut 06877
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‘v Industry snd Resesrch Institutes (Con't)
9 % .

B Dr. Richard E. Dame

Mega Engineering

11961 Tech Road

‘8{lver Spring, Maryland 20904

Mr. G. M. Stanley

Lockheed Palo Alto Ressarch
Laboratory

3251 Hanover Street

Pale Alto, California 94304

Mr., R. L. Cloud

Robert L. Cloud Associates, Inmc.
2972 Adeline Street

Berkeley, California 94703
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